Introduction 47
Vegetation dynamics can directly affect water, energy and carbon balances in the coupled 48 land-atmosphere system by responding and providing feedbacks to climate change 49 (Bonan et al., 1992; Bonan et al., 2003; Rogers et al., 2013; Ahlstrom et al., 2015; 50 Mengis et al., 2015; Paschalis et al., 2015; Peterman et al., 2015; Sitch et al., 2015) . In 51 recent years, dynamic global vegetation models (DGVMs) coupled with atmospheric 52 processes have become valuable tools for examining and understanding the interactive 53 dynamics in carbon, water, and energy exchanges between biosphere and atmosphere. 54
The representation of dynamic vegetation has also become a key component in the earth 55 system models since the last decade (Levis et al., 2004; Sato et al., 2007; Hopcroft et al., 56 2015) . There are many widely used DGVMs that include TRIFFID (Cox, 2001) , LPJ 57 (Sitch et al., 2003) , BIOME-BGC (Tatarinov and Cienciala, 2006) , CENTURY 58 (Smithwick et al., 2009) , and OCHIDEE (Ciais et al, 2008) , just to name a few. Most of 59 these DGVMs employ the so-called climate envelop approach to control the 60 redistribution of plant, whereas TRIFFID uses the Lotka-Volterra representation of 61 competitive ecological processes for plant redistribution (Fisher et al., 2015) . 62
63
One common way to describe vegetation in many DGVMs is the adoption of the term 64 plant functional type (PFT) for classifying plants into discrete groups according to their 65 ecological, physiological and phylogenetic traits (Cox, 2001; Sitch et al., 2003) . In many 66
of the state-of-the-art hydrological and land surface models, PFT is both an input for 67 driving the land-atmosphere processes (e.g., Liang et al., 1994; Liang et al., 1996; 68 Wigmosta et al., 1994) and an output of dynamic vegetation simulations (e.g., Sitch et al, 69 Six PFTs, temperate needleleaf evergreen trees, temperate broadleaf evergreen trees, 161 temperate broadleaf summergreen trees, perennial alpine meadow grasses, perennial 162 alpine steppe grasses, and perennial temperate summergreen scrub/grassland are 163 compiled and used in the model to represent the major vegetation types on the NTP, 164 based on physiognomic (tree or herbaceous), bioclimatic (temperate, boreal or alpine), 165 phenological (evergreen or summergreen), and photosynthetic (C3 or C4) properties of 166 the plants. The vegetation state of each of the 0.25  0.25 grid cells in LPJ is a mixture 167 of PFTs that can be distinguished by their FPCs. FPC of an individual PFT, ranging from 168 0 (zero coverage) to 100 (full coverage), is a function of crown area (for trees only), 169 individual density and LAI, and is calculated by the Lambert-Beer law (Sitch et al., 2003) . 170
The total FPC of a given space is the sum of the FPCs of all PFTs in that space. and Lenghu (1980 Lenghu ( -2009 is the depth of the second layer; N d is the number of days in a year; a and b are the linear 211 regression coefficients of daily air temperature and the numbers of days in a month, 212 respectively, and are updated at a monthly time step. Eq. (4) calculates the lag of the 213 thermal change in the second layer soil temperature. The equations employed for the 214 second layer soil temperature are the modified version of the originals used in LPJ. 215
Mangai

216
Total soil moisture in the top soil layer is obtained from the balance between precipitation 217 input, soil evapotranspiration and percolation. Ice and liquid content is calculated based 218 on soil temperature. If soil temperature is below 0 °C, soil liquid content is calculated by 219 using freezing point depression equation. Ice content is the difference between total soil 220 moisture and liquid water content. When soil temperature is greater than 0 °C, soil 221 moisture is liquid and ice content is zero. The equations are: 222
where θ is total soil moisture and subscripts l and i represent liquid and ice, respectively; 225  is soil porosity; L f is latent heat of fusion (3.337×10 5 J kg -1 ); g is gravitational 226 acceleration (9.81 m s -2 ); b p is the bubbling pressure (m); and n is the exponent in 227
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Biogeosciences Discuss., doi:10.5194/bg-2016 Discuss., doi:10.5194/bg- -55, 2016 Manuscript under review for journal Biogeosciences Published: 18 February 2016 c Author(s) 2016. CC-BY 3.0 License. calculated using the similar equations, and it is the aggregation of liquid and ice content, 229 runoff, percolated moisture from the top layer and to the baseflow. Runoff is generated 230 when liquid soil content is greater than porosity, and percolation is generated when liquid 231 soil content is greater than soil water holding capacity. Runoff and baseflow are produced 232 in both soil layers and are removed from soil moisture. Soil moisture observations are 233 rare on the NTP. Only 1-year observations at 4 permafrost sites are available during the 234 study period (see Fig. 1 ) and they are used for soil moisture validation. 235
236
The implementation of the aforementioned processes in the LPJ model requires seven 237 additional soil parameters for each of the two soil layers: Campbell's exponent n, 238 bubbling pressure b p , bulk densities for organic matter and soil mineral, particle densities 239 for organic matter and soil mineral, and quartz content. Soil porosity  is calculated from 240 soil bulk density and soil particle density. These parameters are often used in surface 241 hydrological models for calculating soil hydrological properties (e.g. Liang et al., 1994; 242 1996; Wigmosta et al., 2004) , and are provided for various soil texture types in the LPJ 243 model. These additional parameters together with the original parameters for soil texture, 244 soil percolation rates and water holding capacity constitute the new soil parameter sets. 245
These modifications eliminate the use of fixed heat diffusivity at 0%, 15% and 100% 246 water content in the original model version, instead here the diffusivity varies with 247 thermal conductivity and capacity as shown in Eq. (6). Forcing data used in the LPJ model include monthly air temperature, precipitation, wet 251 days, cloud cover amount and annual CO 2 concentrations. Monthly air temperature, 252 precipitation and wet days, all at 0.25  0.25 resolution, were from Cuo et al. (2013b) . 
Analysis methods 264
To spin up, the LPJ model was run iteratively for 1000 years using the climate 265 data and starting from bare ground, a common practice among LPJ users. The purpose of 266 this long run is to establish ecosystem equilibrium equivalent to the 1957 conditions. Like 267 earlier studies (e.g., Sitch et al., 2003) , we assume that after the 1000-year spinup, 268 vegetation dynamics, carbon pools, soil thermal and water conditions reach the needed 269 analysis is employed to investigate the FPC trends. Also, the differences between 289 historical simulation and climate trends removed simulation are examined to identify the 290 changes in FPCs during the past five decades. 291
292
To investigate the sensitivity of FPCs in each grid cell to changes in soil temperature and 293 moisture, air temperature, precipitation and CO 2 , six scenarios (S1-S6) are designed 294 (Table 2 ). In the baseline scenario (S6), the trends in air temperature, precipitation, wet 295 day and CO 2 are removed. Soil temperature and moisture respond to atmospheric forcings and they are assumed to have no trends when the trends of atmospheric forcings 297 are removed. The only difference between S1-5 and S6 scenarios is the introduced 298 change in one variable while keeping the other variables unchanged. Cloud cover remains 299 the same for all scenarios. For precipitation, only the amount but not the frequency is 300 changed. These scenarios bear similarity to what has been identified over the NTP in 301 recent decades in general in that S1 plus S2, S3, S4 and S5 represent regional frozen soil 302 degradation, warming, wetting and elevated CO 2 trends, respectively, although the rates 303 of changes and spatial patterns differ (Cuo et al., 2013b (Cuo et al., , 2015 . Uniform perturbations are 304 introduced to provide the benchmark for the climate sensitivity comparison across the 305 region and to derive sensitivity spatial pattern. It is expected that the comparisons 306 between the paired S1-S6, S2-S6, S3-S6, S4-S6 and S5-S6 scenarios would reveal the 307 responses of FPC to the changes in soil temperature, soil moisture, air temperature, 308 precipitation and CO 2 , respectively. 309 310 Using S1-6 scenarios, we examine elasticity (E), a quantity that measures how responsive 311 a variable is to a changing condition, in order to quantify the degree of the FPC 312 sensitivity to climate change. Elasticity is calculated as the median of the ratios of 313 percentage changes in annual FPC to the percentage changes in an annual climate 314 variable. Positive (negative) E indicates that FPC increases (decreases) with changing 315 climate variable. Larger E corresponds to higher sensitivity, and when E is zero FPC is 316 not responding to climate change. In the following, we will use E ST1 , E sm1 , E AT , E PRCP and 317 Maduo and Mengyuan, the simulated soil temperature matches the observed rather well 328 in both magnitude and seasonal cycles. At Wudaoliang, the highest station, the simulated 329 magnitude of the seasonal cycle in soil temperature is larger than the observed while the 330 opposite is true at Mangai and Lenghu, two dry desert soil stations. Correlation between 331 the simulations and observations is high (R ≥ 0.96) across these five stations and RMSE 332 ranges from 1.40 °C at Maduo to 3.07 º C at Lenghu (Table 3) . 333
334
As an independent check, we also compare the simulated and observed monthly soil 335 temperature of the top soil layer at five other stations whose observations are not used in 336 deriving the linear regression equations (Fig. 3) . These five stations are Xidatan (PFS), 337
Xinghai (SFS), Zaduo (SFS), Qilian (SFS), and Golmud (SFS, dry desert soil). All five 338 stations except Xidatan show satisfactory simulations in both magnitude and seasonal 339 cycles when compared to the observations although Qilian displays underestimation in 340 the peaks while Golmud exhibits slight overestimation in the first half of the years. At Wudaoling as discussed before. It appears that the derived linear regression relationships 343 may contain some deficiencies at the PFS sites due to the limited observations in the PFS 344 region. RMSE ranges from 1.32 °C at Zaduo to 3.03 º C at Golmud and 3.21 º C at Xidatan 345 (Table 3) . Correlation between the simulated and observed monthly soil temperature is 346 higher than 0.97 at these stations (Table 3) . For annual soil temperature (Table 3) , R is 347 generally greater than 0.80 and RMSE is generally less than 1.5 °C for all stations except 348 for Nangqian where RMSE is 4.51 °C and Lenghu where R is 0.53. These analyses 349 suggest that the modified LPJ model is able to simulate the temporal evolution of the 350 observed top-layer soil temperature on the NTP with reasonable accuracy. (Table 4) . 355
Slight overestimation of monthly soil moisture is noted at D66 and MS3608 (Table 4) . east of the NTP over the last five decades (Fig. 5) . This change pattern in precipitation 388 largely resembles that of total FPC. Annual changes in the top layer soil moisture also 389
show a similar spatial pattern to that of precipitation although the trends in soil moisture 390 are generally small over 79% of the region. Both the top layer soil temperature and air 391 temperature exhibit warming trends over the entire NTP, with significant trends in the 392 northwest and the east (Fig. 5) . Hence, compared to increasing temperatures, changes in 393 precipitation appear to play a more important role in determining the spatial patterns of 394 FPC changes on the NTP. However, over the northwestern and eastern NTP, the 395 decreasing FPC trends may also be influenced by the warming in addition to the 396 decreases in precipitation. without the historical trends in climate variables retained (i.e., Historical -S6 in Table 2) . 410
The results presented in Fig. 7 suggest that by climate change alone, total FPC (Fig. 7a)  411 would increase by about 20-30% in the northeast and southwest of the NTP but decrease 412 by less than 30% in some sporadically vegetated locales. FPC decreases in the 413 northwestern NTP where sparse grassland meets bare land implies an encroachment of 414 desertification in that region and is especially worrisome. Climate change causes 415 increases in FPC of TNEG by about 30-60% in most of the eastern NTP (Fig. 7b) , and it 416 decreases FPC of PAMD (30-60%) in the eastern NTP but increases FPC of PAMD (< 417 30%) in the higher interior of the Qinghai Province, resulting in westward migration of 418 PAMD (Fig. 7c) . On the other hand, as a result of climate change, FPC of PASP 419 decreases in most of the Qinghai Province but increases (by >30%) in the westernmost 420 part of the NTP (Fig. 7d) . TSGS increases by less than 30% in the northeastern NTP but 421 decreases by more than 30% in the southeast (Fig. 7e) 
Sensitivity of total FPC to changes in climatic factors 427
E PRCP is positive in 40% of the area and is often larger than 3, meaning that 10% 428 precipitation increase could lead to more than 3-fold increase in total FPC in warm and 429 dry places where alpine meadow, barren/sparse grassland, and temperate summergreen 430 scrub/grassland grow (Fig. 8a) that 1 C warming could lead to 0.5 -3 fold decrease in total FPC. In the far southwest 434 (32°-36° N and 90°-93° E) where mean annual air temperature is about -10 °C and where 435 permafrost soil prevails, E AT is significantly positive, implying that warming could 436 dramatically increase FPC by more than 4 folds. 437 438 1 °C increase in soil temperature could decrease FPC by up to 4 folds in the northern 439 NTP (Fig. 8c) ; however, in the meantime, 10% increase in soil moisture would result in 440 up to 5 folds of increase in FPC in roughly the same area (Figs. 8d) , suggesting that FPC 441 is highly sensitive to soil moisture changes especially in the climatologically dry 442 northwest. In the south NTP, FPC seems insensitive to changes in either soil temperature 443 or soil moisture (Figs. 8c, d) . 444
445
Positive E CO2 is slightly more widely distributed than E PRCP and E SM1 but E CO2 is in 446 general much smaller in magnitude than E PRCP and E SM1 (Fig. 8e) . About 62% (4%) of the 447 cells show positive (negative) E CO2 . The spatial patterns of elasticity show that foliage 448 growth in heat or water limited NTP is very sensitive to environmental changes. Figure 8f  449 depicts the dominant drivers that affect total FPC in each grid cell. Precipitation increase 450 (light green in Fig. 8f ) displays major influence on total FPC in the north with primarily 451 positive effects (crosses in Fig. 8f ). Air temperature increase is less important than 452 precipitation increase and could exert either positive (crosses in Figs. 8f) or negative 453 (diamonds in Fig. 8f ) effects on total FPC depending on the locations. Generally speaking, 454 positive (negative) effects due to air temperature increase tend to be clustered in the 
Sensitivity of the FPC of individual PFTs to changes in climatic factors 463
The FPC of TNEG increases by 1.6-fold on average in response to 10% precipitation 464 increase in the eastern NTP (about 17% of the entire area, Fig. 9a , Table 5 ). The FPC of 465 PAMD increases in 51% of the area by more than 1.2-fold in the east, north and south of 466 the Qinghai Province, but decreases in 5% of the entire area by about 1-fold in the bare 467 and sparse grassland and by about 5-fold in several cells in the eastern and southern NTP 468 as precipitation increases by 10%. The FPC of PASP decreases in the northeast and south 469 of the Qinghai Province (24% of the region, Table 5 ) by about 1-fold, but increases in the 470 northwest desert region of the Qinghai Province by 1-to 3-fold (Fig. 9c) 
. More cells 471
showing positive E PRCP for PAMD than for PASP indicates that precipitation increase 472 would benefit PAMD more than PASP. It appears that as precipitation increases, PAMD 473 takes over PASP in many cells while PASP encroaches the desert area. The FPC of TSGS 474 decreases in the southeast by about 1.8-fold but increases by 1.1-fold in the northeast of 475 the NTP with 10% precipitation increases (Fig. 9d) (Fig. 9e) . With 1 °C air 480 temperature increase, PAMD shows positive E AT (about 5) in the southwest where energy 481 is limited, but negative E AT (-1 --5) in the north, east and southeast (Fig. 9f) . For PASP, 482 large and positive E AT is found predominantly over the westernmost tip of the NTP, 483 whereas nearly the entire Qinghai Province (59% of the region) corresponds to negative 484 E AT (Fig. 9g , Table 5 ), indicating that PASP would decline in general as air temperature 485 increases. TSGS shows mixed positive and negative E AT primarily in the northeast and 486 southeast, respectively (Fig. 9h) . For TSGS and TNEG, E AT is close to zero over nearly 487 the entire Qinghai Province (Fig. 9, Table 5 ), because of the bioclimatic restriction of 488 their establishment. 489
490
Although soil temperature and moisture changes do not contribute significantly to total 491 FPC changes (Fig. 8f) , they do affect individual PFTs in a nearly opposite way which 492 may have given rise to some cancellation in FPC changes. For example, with the 493 exception of TNEG, negative E ST1 over the north and positive E ST1 over the southeast for 494 PAMD, PASP and TSGS correspond respectively to positive and negative E SM1 in the 495 same areas (Fig. 10) , although E SM1 is generally larger in magnitude than E ST1 . For TNEG, 496
slightly negative E ST1 is located over the east but highly positive E SM1 is seen over the 497 north (Figs. 10a, 10e ). Compared to E AT , E ST1 is smaller and varies less spatially (Figs.  498   10a-d) . The majority cells (72-83%) display zero E ST1 for all four PFTs (Table 5) , 499
indicating that soil temperature is not a sensitive element for foliage growth. However, 500 (Figs. 11a-d) exhibits a similar pattern to that of E PRCP for all four PFTs (Figs. 9a-d) . 504
The numbers of the grid cells with positive, negative and negligible values of E CO2 and 505 E PRCP are also identical for each PFT (Table 5 ). This similarity between E CO2 and E PRCP 506 suggests a strong coupling between photosynthesis and water availability on the NTP. 507 508
Discussions 509
Our analyses suggest that total FPC changes on the NTP are driven by different 510 mechanisms over different regions. For example, the increases of total FPC in the 511 southwest during 1957-2009 identified in Figs. 5 and 7a are due to warming induced 512 increases in alpine meadow and steppe. Over the northeast of the NTP, changes in total 513 FPC are determined by the balance between precipitation, soil moisture and CO 2 increase 514 induced expansion (contraction) of temperate needleleaf evergreen forest, perennial 515 alpine meadow, perennial temperate summergreen scrub/grassland (perennial alpine 516 steppe) and warming induced decreases in all FPCs. Decreases of total FPC in the 517 northwestern NTP are related to the negative effects of warming and drying (Fig. 5) on 518 the growth of alpine meadow and steppe which apparently overwhelms the positive 519 effects of CO 2 increase. In the southeast, changes in total FPC are generally small, likely 520 because of the thriving TNEG growth induced by the increase of temperature, 521 precipitation and CO 2 cancelled by the decline of PAMD because of warming, and 522 decreased TSGS due to wetting and CO 2 increase. Similarly, in the central region, PAMD warming and wetting in the southwest of the NTP make it more suitable for alpine 529 meadow and steppe to grow. On the other hand, the northwestern NTP has very limited 530 annual precipitation (<100 mm), and the warming could make it even drier (as observed 531 during the recent decades, see Fig. 5 ), posing an increasing challenge for plant growth. 532
As climate changes, bioclimatic zones will change accordingly. 533
534
Another noteworthy finding is that as soil temperature increases across the region, there 535 are more grid cells showing decreasing (14%) than increasing (5%) top layer annual soil 536 moisture (Fig. 5) . The rise in soil temperature on the NTP increases liquid soil moisture 537 during cold months because of the increased soil thawing but decreases liquid soil 538 moisture during warm months because of the enhanced soil evaporation in shallow soil 539 layers (Cuo et al., 2015) . Clearly, the decrease in top layer soil moisture in the warm 540 growing season could negatively impact vegetation growth in the already dry area and 541 could accelerate desertification unless the lost moisture can be replenished by increasing 542 precipitation. In the northern NTP, the negative effects of top layer soil temperature 543 increases on vegetation growth may also serve as an indication of the consequences of 544 frozen soil degradation that is happening on the NTP (Cuo et al., 2015) . northeast) will result in reduction (enhancement) in roughness length and increase 548 (decrease) in albedo, changes in stomatal resistance, etc. These changes in biogeophysical 549 properties over the region will feedback to the momentum and carbon exchange, water 550 and energy balances and will undoubtedly affect large scale circulations such as the onset 551 and intensity of South and East Asia monsoons (Wu et al., 2007; Shi & Liang, 2014; Cui 552 et al., 2015; He et al., 2015) , thereby affecting the regional and global climate. 553
554
To the authors' knowledge, this work is the first of its kind in that a state-of-the-art 555 dynamic vegetation model is applied over the NTP for examining the impacts of both 556 atmospheric conditions and soil physical conditions on plant coverages, and shows that 557 atmospheric conditions dominate over the soil physical conditions in affecting the FPC 558 change. This is highly relevant and timely given the fact that the Tibetan Plateau is 559 experiencing warming and frozen soil degradation. Also, the output of time series 560 vegetation type maps can be used in hydrological models to further investigate land cover 561 change impacts on hydrological processes in the region where major Asian rivers are 562 originated but where such long term time series land cover maps do not exist. Clearly, 563 understanding the vegetation changes and the underlying mechanisms over the TP is the 564 first step towards an understanding of the change impacts of TP's surface conditions on 565 water resources, hydrological cycles and climate at regional and global scales. 566
567
In this study, the role of CO 2 in FPC changes is discussed solely in the context of 568 photosynthesis. However, CO 2 is a greenhouse gas and increasing CO 2 concentrations 569
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Without utilizing a fully coupled dynamic atmosphere-land surface-vegetation model it 571
appears to be rather difficult to separate the effects of CO 2 between photosynthesis 572 related and greenhouse gas related. 573 574
Conclusions 575
In summary, this study documents the changes in PFTs represented by FPCs on the NTP 576 during the past five decades and the possible mechanisms behind those changes through 577 examining the responses of PFTs to changes in climate variables of precipitation, air 578 temperature, atmospheric CO 2 concentrations, 40-cm-deep soil temperature and moisture. 579
Among the five variables, precipitation is found to be the major factor influencing the 580 total vegetation coverage positively, while root zone soil temperature is the least 581 important one with negative impacts. About 34% of the NTP exhibits increasing total 582 
